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KINETICS OF LACTIC ACID EXTRACTION
WITH QUATERNARY AMMONIUM SALT

Misato Hironaka,! Makoto Hirata,!"*
Hirokazu Takanashi,! Tadashi Hano,!
and Shigenobu Miura?

"Department of Applied Chemistry, Oita University,
Oita 870-1192, Japan
“Musashino Chemical Laboratory Ltd,
Tokyo 168-0081, Japan

ABSTRACT

Extraction and stripping kinetics of lactic acid in extractive fer-
mentation were studied using tri-n-octylmethylammonium chlo-
ride, a quaternary ammonium salt, as an extractant and oleyl alco-
hol as a diluent. The kinetic analysis was performed through
simulated time course studies of lactate concentration in both the
extraction and stripping phases. Dependences of extraction rate on
initial lactate and extractant concentrations and those of stripping
rate on initial chloride and extractant-lactate complex concen-
trations were examined. Because diffusion through the organic
film was a rate-controlling step, the experimental results of both
extraction and stripping could be explained well by a simple
equation.

Key Words: Lactic acid; Quaternary ammonium salt; Extraction
kinetics; Mass transfer coefficient
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2928 HIRONAKA ET AL.

INTRODUCTION

The demand of L-lactic acid as the raw material of a biodegradable polymer
is increasing (1-2). When lactic acid is synthesized by a chemical method, the L-
isomer is difficult to separate out of the racemic mixture obtained. Because a fer-
mentation method can directly produce the L-isomer with high optical purity, it
has received increased attention. However, the recovery and purification of lactic
acid from fermented broth is difficult, and separation costs are a high percentage
of the total cost. The solvent extraction method has advantages; for example, pre-
treatment is unnecessary and large amounts can be processed easily (3—8). The si-
multaneous operation of fermentation and extraction has further merits because it
prevents product inhibition and can be used to realize more effective production.

We investigated the extractive fermentation process to produce L-lactic acid
efficiently (9—11). The extractant suitable for extractive fermentation was selected
based on its extractability potential and toxicity to microbes. Though both di-n-
octylamine (DOA) and tri-n-octylmethylammonium chloride (TOMAC) showed
high extraction rates around the pH optimum for fermentation, the DOA-lactate
complex deposited in the organic phase was unstable. In addition, TOMAC was
strongly toxic to microbes because it is a quaternary ammonium salt with ion ex-
change ability. However, we found that TOMAC dissolved in water could be re-
moved easily by a cleaning column packed with cation-exchange resin (11).
Therefore, TOMAC was selected as an optimum extractant for the extractive fer-
mentation and was diluted with oleyl alcohol that had no toxicity. The extractive
fermentation was possible with TOMAC/oleyl alcohol as the extraction solvent,
but the productivity was not improved over conventional fermentation as had been
expected; the lactic acid produced could not be recovered satisfactorily. To find a
way to accelerate the recovery, extraction kinetics of lactic acid were studied in
detail.

The extraction equilibria of carboxylic and citric acids that were extracted
with phosphoric and amine extractants has been reported by many researchers
(12-18). However, only a few researchers have reported studies on the extraction
kinetics of these systems. The kinetics of carboxylic acid extraction with phos-
phoric extractant and amino acid extraction with quaternary ammonium salt were
reported by Matsumoto et al. and Uddin et al. (19-21). They explained the ob-
served extraction rates based on the 2-film theory because the anion exchange re-
action by TOMAC was very rapid and the diffusion processes were the rate-con-
trolling steps. The kinetics of citric acid extraction with amine was reported by
Jaung and Haung (22). They concluded that the extraction rate was mainly con-
trolled by a chemical reaction occurring at the organic side of the liquid-liquid in-
terface. We found no report on the rate of lactic acid extraction with TOMAC.

In this study, the kinetics of extraction and stripping in lactic acid recovery
were examined to clarify the effect of operating conditions. By applying the 2-film
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LACTIC ACID EXTRACTION 2929

theory to the TOMAC/oleyl alcohol system, we describe the kinetics of lactic acid
extraction.

EXPERIMENTAL
Chemicals

L-lactic acid was purchased from the Wako Pure Chemical Industry Co,
Ltd, (Tokyo, Japan) and lactate was prepared by refluxing for more than 10 hours
for monomerization and the pH was adjusted to 6.0 with a 25% aqueous ammo-
nium solution. TOMAC of industrial grade (purity = 81.0%), kindly supplied by
Koei Chemical Industry Co, Ltd, was used without further purification. Oleyl] al-
cohol was purchased from Kishida Chemistry Co, Ltd. The crystalline lactic acid,
used as a standard for analysis, was of analytical grade (purity > 99.2%) and was
from Kanto Chemical Co, Ltd. Except for TOMAC, the chemicals used were of
analytical grade.

Extraction of Lactate

The extraction of lactate was performed through the use of a Lewis-type
stirred cell with constant interfacial area. Aqueous and organic solutions of the
same volume were stirred independently at 40 rpm by two 6-blade paddles rotat-
ing in opposite directions. The volume of each phase was 0.150 X 10~ m?®, and
the interfacial area was 4.43 X 10~* m?. The feed solution was initially introduced
into a transfer cell. The prepared organic solution was then poured carefully into
the cell so the interface was not disturbed. The temperature of the cell was kept at
25°C by the water from an external thermostatic bath that circulated through an
insulating jacket. Aqueous ammonium lactate solutions of 0.1-0.9 kmol/m* were
used as the aqueous phase. These aqueous solutions were prepared by diluting the
lactate solution with pure water (no buffer). Oleyl alcohol solutions of 0.1-0.5
kmol/m* TOMAC were used as the organic phase. Each kinetic run was contin-
ued for approximately 6 hours, and samples were withdrawn from both phases si-
multaneously at regular time intervals during each run. After each kinetic run, to
obtain the equilibrium constant, the aqueous and organic phases were completely
mixed for 30 minutes at stirring rates increased up to 120 minutes.

Stripping of Lactate

The stripping runs were performed with the operation similar to that used
for extractions. Aqueous sodium chloride solutions of 0.03-3.0 kmol/m?

MaRcEL DEKKER, INC.
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2930 HIRONAKA ET AL.

(0.175-17.5% (wt)) were used as stripping solutions. Tri-n-octylmethylammo-
nium (TOMA) cation and lactate anion complexes of 0.05-0.15 kmol/m?
(0.445-1.34% (wt) lactate) were used as the organic phase. These complexes were
prepared by extracting lactate of appropriate concentration with 0.5 kmol/m?
TOMAC/oleyl alcohol.

Chemical Analysis

The concentration of lactate in the aqueous phase was measured by a high-
performance liquid chromatography (HPLC) system that consisted of a Shimazu
LC-6A HPLC pump and Shimazu SPD-6A UV Detector. A sample was eluted by
0.25 mol/L aqueous ammonium dihydrogen phosphate solution adjusted to pH 2.0
by an aqueous phosphoric acid solution and flowing at a rate of 1.0 mL/min in a
Mightysil RP-18 column (4.6 mm i.d. X 150 mm in length) from Kanto Chemi-
cal Co, Ltd. Lactate was detected at 210 nm and the data were integrated by the
Hitachi D-2000 Chromato-Integrator.

EXTRACTION MODEL

In the present system, TOMAC (Q*Cl™) extracts lactate (L") by forming
the complex of tri-n-octylmethylammonium (TOMA, Q™) and lactate with an ion
exchange reaction at the interface between the aqueous and organic phases (Eq.

1). In stripping, the reverse reaction occurs.
K*

LT+ Q"ClT —= CI” +Q"L"~ (1)
K*, the extraction equilibrium constant, is defined with equilibrium con-
centrations of each component, Cy,,*, as follows:

K (C'wa1 Coqr)

(C*WL CXOQCI)
Although an hydroxyl ion is involved in the ion exchange reaction at high pH, it
was not considered in the present analysis because the experiment was performed
at pH < 6.0.
A kinetic analysis was carried out based on the 2-film theory shown in Fig.
1. The symbols, Cy1, Coqcl, Cwer, and Coqr represent the concentrations of lac-
tate in the aqueous phase, TOMAC in the organic phase, chloride in the aqueous
phase, and the TOMA-lactate complex in the organic phase, respectively. Mass
balance equations in batch operation are expressed as follows according to Eq. (1)
because the volumes of aqueous and organic phases were identical:

@)

CoQCl = CoQCl, 0~ CoQL = CoQCl,O - (CwL,o — Cyp) 3)
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Water phase Interface Organic phase
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Figure 1. Two-film model.

Cwal = Cycr,0 + (Cyr, 0 — Cor) 4
CoQL = CwL,o — CuL )

where the subscript O represents the initial concentration.

The rates of lactate disappearance in the aqueous phase and TOMAC in the
organic phase, and rates of chloride appearance in the aqueous phase and the
TOMA-lactate complex in the organic phase are given as follows:

- di‘;L = kwr a(CyL — CiL) (6)
_% = koqc1a(Coqcr — Cigen) (7
% = kwaa(Cici — Cyar) (®)
% = KoQL a(CiQL - CoQL) 9

where a is the specific interfacial area, which is defined as interfacial area divided
by the volume of each phase.

At quasi steady state, these rates are equal because of equimolar ion ex-
change, and then

kwra(Cyr — Cip) = koQCla(CoQCl - CiQCl) = kwcia(Cici — Cwar)
= koqra(Cigr, — CoqL) (10)

The ratio of the mass transfer coefficients in the aqueous phase and that in the or-
ganic phase are replaced with B and vy to reduce the number of parameters to be
determined.

MaRcEL DEKKER, INC.
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kWL
= 11
kwar (n
ko
v= % (12)
oQL

The extraction equilibrium prevails at the interface, and the constant K* is
expressed as follows:

_ GaCia

(Cir. Ciger)

By combining Eqs. (10-13), the rate equation of lactate in the aqueous
phase for both extraction and stripping is expressed as follows:

dc,, 2 \12
&= 18 5 | .

*

K
P = (kwLCoL F kogciCoqct) (1 - B’Y) + kwiL.Cwal

K* (13)

where

(2 1) hoeon (£ 1) (15

K* B 0QCI%“oQL K* v

g = kwikoo [c .C QC](l ——K*>+c e (—1 -L )] (16)
wLAo wL%o B,Y w oQL B,y K*

RESULTS
Time Courses of Lactate Concentration

The lactate concentration in the aqueous phase, Cy,, was determined by di-
rect analysis of samples with HPLC, whereas the TOMA-lactate complex con-
centration in the organic phase, C,qr., Was calculated from a mass balance equa-
tion (Eq. 5). Figures 2a and 2b show the effect of initial lactate concentration in
the aqueous phase on the time courses of lactate concentration during extraction.
Because the plots overlapped at an early stage of extraction, as shown in Fig. 2b,
the lactate concentration does not appear to affect the initial rate.

Figures 3a and 3b show the effect of initial TOMAC concentration in the or-
ganic phase. The initial extraction rate increased with increased extractant con-
centration.

Figures 4a and 4b show the effect of initial chloride concentration in the
stripping phase on the time courses of lactate concentration during stripping. The
effect of the chloride concentration on the initial stripping rate was not observed
as shown by the plots, which completely overlap at an early stage.

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 2. Effect of initial lactate concentration in the water phase on time courses of lac-
tate concentration in (a) the water phase and (b) the organic phase at Cogcr, 0 = 0.5
kmol/m?>.

Figures 5a and 5b show the effect of the initial TOMA-lactate complex con-
centration in the organic phase during stripping. The initial stripping rate in-
creased with an increase in the complex concentration in the organic phase.

Analyses with 2-Film Theory

Equations (14-16) were used to roughly fit experimental results to a line by
which the initial rates of extraction were calculated. The values of 3 and y were
determined based on Wilke and Chang’s equation by replacing the molecular vol-
ume with 0.6 power of molecular weight.

k

B=-—"E=0.576 (17)
kWCl

Y _kegar _ g (18)
koQL '

The values of ky;, and k,qc1 were obtained by the curve-fitting method to
minimize the square sum of the difference between the experimental and calcu-
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Figure 3. Effect of initial TOMAC concentration in the organic phase on time courses of

lactate concentration in (a) the water phase and (b) the organic phase at Cy o = 0.1 kmol/m?.

lated values, 2 A2. Using the results of rough fitting, the initial rates were obtained
from Eq. (14) from which p and g were derived as follows:

for extraction: Cyc) = CoqL = O at ¢t = 0, and

K*
P = (.ot + kot Coqc) (1 - ﬁ) (19)
¢ = kot koocs Cur. Cooct (1 —K* Bv) (20)

for stripping: Cyr, = O atf = 0, and

1
P = ko1 Cyal (% - E) + kogct Coqa
K* B 1
1 — o+ kwoaiCo - = — 21
1 1
q= kL koQCl Cuai CoQL (a - F) (22)

Figures 6a and 6b show the dependences of extraction rate on initial lactate
concentration in the aqueous phase and the initial extractant concentration in the

Copyright © Marcel Dekker, Inc. All rights reserved.
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organic phase, respectively. The extraction rate was independent of initial lactate
concentration, whereas it was directly proportional to the initial extractant con-
centration in the organic phase.

Figures 7a and 7b show the dependences of stripping rate on initial chloride
concentration and initial TOMA-lactate complex concentration in the organic
phase, respectively. The stripping rate was independent of initial chloride con-
centration, whereas it was directly proportional to the initial complex concentra-
tion. Based on these results, we determined that the diffusion through the organic
film was the rate-controlling step. In fact, the estimated values of mass transfer co-
efficients in the aqueous phase were 2 or more orders higher than those in the or-
ganic phase, and 3A? was little affected by increasing mass transfer coefficients
in the aqueous phase.

Analyses With the Simplified Model

Equations (14-16) were simplified based on the assumption that the diffu-
sion through the organic film was the rate-controlling step. Because the concen-

01
_0.08 -
.«E |
S 0.06 |
=h L CwCl,o s
. [kmol/m’]
H 0.04 O 0.03
S} r A 01
0.02 g 03
L9

0 L s
0 100 200 300 400

Time [min]

{kmnl/ms]

Cyuai,0
[kmol/m®]

0 100 200 300 400
Time [min]
Figure 4. Effect of initial chloride concentration in the stripping phase on time courses

of lactate concentration in (a) the stripping phase and (b) the organic phase at Coqr, 0 = 0.1
kmol/m?.
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Figure 5. Effect of initial TOMA-lactate complex concentration in the organic phase on
time courses of lactate concentration in (a) the water phase and (b) the organic phase at
CwCl, 0= 0.3 kmol/m3.

tration change in the aqueous film was negligible, Eq. (13) can be rewritten as fol-
lows:

. (Cwar CigL)

(Cwi Ciqa)
When Egs. (10-12) and Eq. (23) are combined, the rate equation of lactate
in the aqueous phase is expressed as follows:

(23)

dCwL _ ; (=CwL Coqer K* +Cyci CogL) 4)
dt CWL K* + kOQC] CWC]
koQCl v

The value of koqci was determined by the curve-fitting method to minimize
the value of 3A%. Three kinds of koqci and koqr, were derived by using the data of
extraction runs, of stripping runs, and all the data of extraction and stripping runs.
The results are shown in Table 1. The calculated time courses of lactate concen-
tration shown in Figs. 2-5 were simulated with Eq. (24) with the coefficients of
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Figure 6. Dependences of extraction rate on (a) initial lactate concentration in the water
phase and (b) initial TOMAC concentration in the organic phase.

combined extraction and stripping shown in Table 1c. The initial rates were also
calculated with the following equations using the combined extraction/stripping
coefficients shown in Table 1c.

for extractions: Cyc; = CoqL = O att = 0, and

dCyL

dr = akoQCl CuQCl (25)

Table 1. Values of Mass Transfer Coefficients Obtained with Three Different
Sets of Experimental Data

Data Used koqci (m/s) koqL (m/s)
a. Extraction 1.82 X 107° 1.69 X 107°
b. Stripping 225X 107° 2.08 X 107°
c. Extraction and stripping 2.03 X 107° 1.88 X 107°
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Figure 7. Dependences of stripping rate on (a) initial chloride concentration in the strip-
ping phase and (b) the initial TOMA-lactate complex concentration in the organic phase.

for stripping: Cy,. = 0 and # = 0, and

dCy1 _ akoQCl CoQL

dr v (26)

The lines shown in Figs. 6 and 7 were calculated with above equations.

DISCUSSION

The dependence of extraction rates on the concentration of various species
was first examined through the usual kinetic studies. However, in the present ex-
traction system, the exact initial rates were difficult to obtain from the initial slope
of lactate time courses because, as shown in Figs. 2-5, the rates decreased re-
markably at an early stage of extraction and stripping. Though the straight time-
course line can be obtained by decreasing the specific interfacial area, another
problem inhibited the accuracy of the chemical analysis. These difficulties were
caused by relatively low extractability of lactate and rapid extraction equilibrium
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in the TOMAC/oleyl alcohol extractant solvent. Hence, we attempted to deter-
mine unknown parameters by the curve-fitting method. This method has an ad-
vantage because all experimental points in the time course of lactate concentration
can be used effectively.

The experimental results were first analyzed with the rate equations (Egs.
14-16) based on the 2-film theory, but the mass transfer coefficients in aqueous-
phase film could not be determined accurately. The initial rates were then calcu-
lated from the results of rough curve fittings, as shown in Figs. 6 and 7, and we
speculated that the diffusion through the organic film was the rate-controlling
step. Consequently, the rate equation of only the organic-phase film, Eq. (24), was
applied to the present extraction system. Three kinds of k,oc; and koqr, were de-
rived by using the data of extraction runs, the data of stripping runs, and all the
data of extraction and stripping runs. Those results were shown in Table 1. Next,
the dependence of the summation of residual squares, A2, on the mass transfer
coefficient in the aqueous phase, k1, was examined to estimate the order of kv
values through the rate equations that are based on the 2-film theory. The results
are shown in Fig. 8 in which three kinds of 3 A? were calculated by using the cor-
responding sets of mass transfer coefficients shown in Table 1. Figure 8 shows
that XA? was fairly high at low k,; and became constant at ky; > 8 X 10~° m/s
in all cases. Furthermore, we observed an increase in extraction rates with in-
creased stirring rates. Accordingly, we suggested that the diffusion through the or-
ganic-phase film was the rate-controlling step. High viscosities of TOMAC and
oleyl alcohol, 100 times and 30 times higher than that of water, respectively, were
considered the reason for the diffusion rate-controlling step.

The rate equations based on only the organic-phase film are very simple be-
cause of the 2 parameters of the organic phase, and these equations could satis-
factorily explain the experimental results shown in Figs. 2-5. In theory, the kinetic

0.02
L - - extraction
-===- stripping
& extraction and stripping
E
)
g o01
q
m
0 e Ry 1 )
107 10® 10° 10* 107

ky [ms]

Figure 8. The relationship between k. and A%
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parameters determined with extraction-run data should agree with those from
stripping-run data. However, value differences were observed in these parameters.
Accordingly, the extent of agreement between experimental and calculated results
is presented in Fig. 9 with three parameters that reflect all the data of extraction
and stripping runs. A clear difference between data types was not observed. Con-
sequently, the combined extraction/stripping parameters described in Table lc
were selected as the most appropriate source because all the data were used in the
calculations.

The deviation between the experimental and calculated values was not neg-
ligible in the stripping operations of 0.03 kmol/m? sodium chloride concentration.

10"
10° |
107 |
107 [
103 |

keys: same as Figs. 2 ~ 5

10 I I
1010 102 107 10° 10!

®)

O]

CWL exp.

10!
10° F
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107 |
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keys: same as Figs. 2 ~ 5

10 I N B
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©
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10° |
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107 |
107 |
keys: same as Figs. 2 ~ 5
10 | 1 ] 1
10102 102 107 10° 10*
CWL cal.

CWL exp.

Figure 9. Comparison between experimental and calculated results with the kinetic pa-
rameters of Table 1a (a), Table 1b (b), and Table 1c (c).
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Under such low concentration, the experimental results could not be explained by
the proposed model and we speculate that the kinetic parameters might have been
altered. Though the measured lactate concentration gradually increased after 90
minutes, the calculation predicted the steady concentration of equilibrium state at
approximately 100 minutes (Fig. 4). Although the stripping behavior in this case
could not be explained, a problem may not exist: The stripping was not carried out
under a low concentration of sodium chloride.

CONCLUSION

Extraction and stripping kinetics of lactic acid were investigated using tri-
n-octylmethylammonium chloride as an extractant and oleyl alcohol as a diluent.
Diffusion through the organic-phase film was determined as the rate-determining
step because of the fairly high viscosity of the organic phase. The experimental re-
sults of both extraction and stripping could be explained satisfactorily by a simple
equation that includes only 2 parameters.

NOMENCLATURE
a specific interfacial area (m*/m?®)
Cimn concentration of component n in m phase or at the interface (kmol/m?)
C* equilibrium concentration (kmol/m?)
K* equilibrium constant (—)
knn mass transfer coefficient of component n- in m-phase film (m/s)
t time (s)
B ratio of mass transfer coefficients in the aqueous phase (—)
Y ratio of mass transfer coefficients in the organic phase (—)
SA? square sum of the difference between experimental and calculated values
((kmol/m>)?)
Superscripts

* equilibrium

Subscripts
initial
Cl chloride
i interface

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

)



10: 42 25 January 2011

Downl oaded At:

2942

(0]
QCl
QL

ORDER L REPRINTS
HIRONAKA ET AL.
lactate
organic
TOMAC
TOMA-lactate complex
aqueous
ACKNOWLEDGMENTS

This study was carried out as a part of the research for a Grant-in-Aid for

Scientific Research (A) from the Ministry of Education, Science, Sports and Cul-
ture of Japan (No. 08555195 for the fiscal years of 1996 through 1998).

10.

REFERENCES

Lipinsky, E.S.; Sinclair, R.G. Is Lactic Acid a Commodity Chemical?
Chem. Eng. Progress 1986, 82, 26-32.

Datta, R.; Tsai, S.P.; Bonsignore, P.; Moon, S.H.; Frank, J.R. Technological
and Economic Potential of poly(Lactic Acid) and Lactic Acid Derivatives.
FEMS Microbiol. Rev. 1995, 16, 221-231.

Kertes, A.S.; King, C.J. Extraction Chemistry of Fermentation Product Car-
boxylic Acids. Biotechnol. Bioeng. 1986, 28, 269-282.

San-Martin, M.; Pazos, C.; Coca, J. Reactive Extraction of Lactic Acid with
Alamine 336 in the Presence of Salts and Lactose. J. Chem. Tech. Biotech-
nol. 1992, 54, 1-6.

Hano, T.; Matsumoto, M.; Ohtake, T.; Miura, S. Recovery of Lactic Acid by
Extraction from Fermented Broth. ISEC ‘93 Proceedings. Solvent Extrac-
tion in the Process Industries 1993, 2, 1025-1031.

Hano, T.; Matsumoto, M.; Uenoyama, S.; Ohtake, T.; Kawano, Y.; Miura,
S. Separation of Lactic Acid from Fermented Broth by Solvent Extraction.
Bioseparation 1993, 3, 321-326.

Lazarova, Z.; Peeva, L. Solvent Extraction of Lactic Acid from Aqueous So-
lution. J. Biotech. 1994, 32, 75-82.

San-Martin, M.; Pazos, C.; Coca, J. Liquid-Liquid Extraction of Lactic Acid
with Alamine 336. J. Chem. Tech. Biotechnol. 1996, 65, 281-285.

Hano, T.; Matsumoto, M.; Hirata, M.; Miura, S. Extractive Fermentation of
Lactic Acid with Rhizopus oryzae and Lactobacillus rhamnosus. ISEC ‘96
Proceedings. Value Adding Through Solvent Extraction 1996, 2, 1447-1452.
Tong, Y.P.; Hirata, M.; Takanashi, H.; Hano, T.; Kubota, F.; Goto, M.;
Nakashio, F.; Matsumoto, M. Extraction of Lactic Acid from Fermented
Broth with Microporous Hollow Fiber Membranes. J. Membr. Sci. 1998,
143, 81-91.

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INC. ﬂ
270 Madison Avenue, New York, New York 10016 o



10: 42 25 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

LACTIC ACID EXTRACTION 2943

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Tong, Y.P.; Hirata, M.; Takanashi, H.; Hano, T.; Matsumoto, M.; Miura, S.
Solvent Screening for Production of Lactic Acid by Extractive Fermenta-
tion. Sep. Sci. Technol. 1998, 33, 1439-1453.

Hano, T.; Matsumoto, M.; Ohtake, T.; Sasaki, K.; Hori, F.; Kawano, Y. Ex-
traction Equilibrium of Organic Acids with Tri-n-octylphosphineoxide. J.
Chem. Eng. Jpn. 1990, 23 (6), 734-737.

Wennersten, R. The Extraction of Citric Acid from Fermentation Broth Us-
ing a Solution of a Tertiary Amine. J. Chem. Tech. Biotechnol. 1983, 33B,
85-94.

Bauer, U.; Marr, R.; Ruckl, W.; Siebenhofer, M. “Reactive Extraction of
Citric Acid from an Aqueous Fermented Broth. Ber. Busenges. Phys. Chem.
1989, 93, 980-984.

Yang, S.T.; Scott, W.; Sheng-Tsiung, H. Extraction of Carboxylic Acid with
Tertiary and Quaternary Amines: Effect of pH. Ind. Eng. Chem. Res. 1991,
30, 1335-1342.

Hauer, E.; Marr, R. Extraction of Organic Acids. ISEC ‘93 Proceedings.
Solvent Extraction in the Process Industries 1993, 2, 1032—-1039.

Bizek, V.; Horacek, J.; Michaela, K. Amine Extraction of Citric Acid: Ef-
fect of Diluent. Chem. Eng. Sci. 1993, 48 (8), 1447-1457.

Juang, R.S.; Huang, W.T. Equilibrium Studies on the Extraction of Citric
Acid from Aqueous Solutions with Tri-n-octylamine. J. Chem. Eng. Jpn.
1994, 27 (4), 498-504.

Matsumoto, M.; Uenoyama, S.; Hano, T.; Hirata, M.; Miura, S. Extraction
Kinetics of Organic Acids with Tri-n-octylphosphine Oxide. J. Chem. Tech.
Biotechnol. 1996, 67, 260-264.

Uddin, M.S.; Hidajat, K.; Lim, B.G.; Ching, C.B. Interfacial Mass Transfer
in Extraction of Amino Acid by Aliquot 336 in Organic Phase. J. Chem.
Tech. Biotechnol. 1990, 48, 415-426.

Uddin, M.S.; Hidajat, K.; Lim, B.G.; Ching, C.B. Interfacial Mass Transfer
in Stripping of Phenylalanine in a Liquid-Liquid Extraction Process. J.
Chem. Tech. Biotechnol. 1992, 53, 353-357.

Juang, R.S.; Haung, W.T. Kinetic Studies on the Extraction of Citric Acid
from Aqueous Solutions with Tri-n-octylamine. J. Chem. Eng. Jpn. 1995, 28
(3), 274-281.

Received March 2000
Revised January 2001

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

)



Downl oaded At: 10:42 25 January 2011

Request Permission or Order Reprints|nstantly!

Interested in copying and sharing this article? In most cases, U.S. Copyright
Law requires that you get permission from the article’ s rightsholder before
using copyrighted content.

All information and materials found in this article, including but not limited
to text, trademarks, patents, logos, graphics and images (the "Materials"), are
the copyrighted works and other forms of intellectual property of Marcel
Dekker, Inc., or itslicensors. All rights not expressly granted are reserved.

Get permission to lawfully reproduce and distribute the Materials or order
reprints quickly and painlessly. Simply click on the "Request
Permission/Reprints Here" link below and follow the instructions. Visit the
U.S. Copyright Office for information on Fair Use limitations of U.S,
copyright law. Please refer to The Association of American Publishers
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted,
reposted, resold or distributed by electronic means or otherwise without
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the
limited right to display the Materials only on your personal computer or
personal wireless device, and to copy and download single copies of such
Materials provided that any copyright, trademark or other notice appearing
on such Materialsis also retained by, displayed, copied or downloaded as
part of the Materials and is not removed or obscured, and provided you do
not edit, modify, alter or enhance the Materials. Please refer to our Website

User Agreement for more details.

Order now!

Reprints of this article can also be ordered at

http://www.dekker.com/servlet/product/DOI/101081SS100107637


http://www.copyright.gov/fls/fl102.html
http://www.publishers.org/conference/copyguide.cfm
http://www.dekker.com/misc/useragreement.jsp
http://www.dekker.com/misc/useragreement.jsp
http://s100.copyright.com/AppDispatchServlet?authorPreorderIndicator=N&pdfSource=Dekker&publication=SS&title=KINETICS+OF+LACTIC+ACID+EXTRACTION+WITH+QUATERNARY+AMMONIUM+SALT&offerIDValue=18&volumeNum=36&startPage=2927&isn=0149-6395&chapterNum=&publicationDate=10%2F31%2F2001&endPage=2943&contentID=10.1081%2FSS-100107637&issueNum=13&colorPagesNum=0&pdfStampDate=07%2F28%2F2003+11%3A39%3A38&publisherName=dekker&orderBeanReset=true&author=Misato+Hironaka%2C+Makoto+Hirata%2C+Hirokazu+Takanashi%2C+Tadashi+Hano%2C+Shigenobu+Miura&mac=eqatzIj6fzr4iONPBW0XEw--

